Introduction
============

Our modern lifestyle, which is characterized by an overabundant supply of food rich in energy and little physical activity, is increasing the prevalence of obesity [@B1]. Obesity is considered to be the central and causal component of multiple metabolic disorders, including dyslipidemia, hypertension, heart disease and type 2 diabetes [@B2]-[@B5]. Obesity is associated with excessive accumulation of fat. In mammals, fat is stored in two different types of adipose tissues: white adipose tissue (WAT) and brown adipose tissue (BAT). WAT is composed of large lipid droplets and acts as the main energy store [@B6]. By contrast, BAT contains small lipid droplets and is the main site of fat metabolism that serves to increase energy expenditure in the form of thermogenesis. This process is mediated by the unique and high expression of uncoupling protein 1 (UCP1), a protein that uncouples energy from ATP production to produce heat [@B7];[@B8]. Following the first report of BAT in adult humans by Nedergaard et al., three independent research groups have since shown that adults have active BAT in their neck and upper chest regions that could be activated by cold exposure [@B9]-[@B12]. Interestingly, Virtanen et al. estimated that activating 63 g of supraclavicular BAT could burn an amount of energy equivalent to approximately 4.1 kg of adipose tissue over 1 year in one of their subjects [@B10]. Therefore, targeting BAT in adults may offer an effective treatment for obesity and related metabolic disorders.

Liver X receptors (LXRs) are nuclear receptors that heterodimerize with retinoid X receptors (RXRs) and bind to LXR-responsive elements (LXREs) containing direct repeats (DRs) of the core sequence AGGTCA separated by four nucleotides (DR-4). Two genes (α and β) encode two LXR proteins. LXRα is highly expressed in the liver while LXRβ is ubiquitously expressed [@B13]-[@B15]. Once bound to its ligand, LXR undergoes a conformational change, recruits coactivator proteins and enables transcription of its target genes [@B16]. LXRs are well known for their ability to regulate cholesterol, fatty acid and glucose metabolism [@B17]-[@B20]. A recent study showed that LXRα is a direct transcriptional inhibitor of UCP1 and thus negatively regulates the expression of UCP1 and the manifestation of the brown adipocyte phenotype to ultimately reduce energy expenditure [@B21]. Taken together, LXRs seem to offer a potential pharmacological target to treat or inhibit the development of metabolic syndrome because of their multiple roles in cholesterol, lipid, carbohydrate and energy metabolism.

Rhein (4,5-dihydroxyanthraquinone-2-carboxylic acid) is an anthraquinone and is one of the major components of *Rheum palmatum*L., which has been used for weight control in Chinese medicine. Some studies have shown that rhein enhances insulin sensitivity and glucose regulation in animals [@B22]-[@B24], and inhibits cell proliferation and apoptosis in many cell lines [@B25]-[@B30]. Furthermore, diacerhein and rhein (a metabolite of diacerhein that retains its biological activity) reduced the severity of osteoarthritis in men, and diacerhein is now an established treatment for osteoarthritis [@B31]-[@B34]. Our recent study showed that rhein has beneficial effects on nonalcoholic fatty liver disease (NAFLD) in high-fat diet-induced obesity by promoting a negative energy balance, improving hepatic lipogenic regulation, and exerting immunomodulatory effects [@B35]. However, its anti-obesity mechanism in high-fat diet-fed mice remains largely unknown and needs to be further investigated. Therefore, in this study, we aim to study the underlying mechanisms involved in the role of rhein in ameliorating NAFLD.

Results
=======

Rhein binds directly to LXRα and LXRβ
-------------------------------------

In our previous study, we reported that rhein ameliorated NAFLD and associated disorders through an LXR-mediated negative energy balance [@B35]. To identify whether rhein binds directly to LXRs, we performed an *in vitro* screening assay based on the surface plasmon resonance (SPR) method. This assay was confirmed to be specific, dose dependent and reproducible for the analysis of interactions between small molecular compounds and proteins [@B36]-[@B38]. Using this assay, we found that rhein dose-dependently bound to LXRα and LXRβ with K~D~ values of 46.7 μM and 31.97 μM, respectively (Figure [1](#F1){ref-type="fig"}C and [1](#F1){ref-type="fig"}F). These low binding affinities closely correlate with the characteristics of the nuclear receptors [@B16]. To confirm the binding specificity of rhein, we examined the abilities of GW3965 (as a positive control) and a herbal compound puerarin (as a negative control) to bind to the LXRs. GW3965 at 1 µM bound significantly to the LXRs (Figure [1](#F1){ref-type="fig"}A and [1](#F1){ref-type="fig"}*D*), whereas no binding was detected with puerarin, even when the dose was increased to 100 μM (Figure [1](#F1){ref-type="fig"}B and [1](#F1){ref-type="fig"}E). In addition, to investigate whether rhein regulates the transcriptional activity of other nuclear receptors related to lipid, cholesterol and glucose metabolism, we performed an *in vitro* screening assay based on luciferase activity. By fusing GAL4 to the ligand-binding domain (LBD) of the nuclear receptors, we found that 12.5 μM rhein significantly inhibited the transcriptional activities of LXRα and LXRβ but did not affect the transcriptional activities of other nuclear receptors [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S1). These data indicate that rhein acts as an antagonist of LXRs by directly binding to both LXRα and LXRβ.

Rhein decreases the expression of LXR target genes in vitro
-----------------------------------------------------------

To verify whether rhein decreases the expression of LXR target genes via LXR antagonism, we used two cell models, 3T3-L1 adipocytes differentiated for 7 days and high level LXR-expressing HepG2 cells. After incubation with dimethyl sulfoxide (DMSO) alone, 1 μM GW3965 alone or 1 μM GW3965 and 25 μM rhein for 48 h, the cells were collected for real-time reverse-transcriptase polymerase chain reaction (RT-PCR) analysis. In differentiated 3T3-L1 adipocytes, 1 μM GW3965 markedly increased the expression of LXR target genes related to cholesterol metabolism \[ATP-binding cassette, sub-family A (ABC1), member 1 (ABCA1) and ATP-binding cassette, sub-family G (WHITE), member 1 (ABCG1)\] and adipogenesis \[sterol regulatory element binding transcription factor 1 (SREBP1c), fatty acid synthase (FAS), stearoyl-Coenzyme A desaturase 1 (SCD1) and acetyl-CoA carboxylase 1 (ACC1)\], but did not affect the expression of a gene related to glucose metabolism \[glucose transporter 4 (GLUT4)\]. Rhein (25 μM) significantly inhibited the increased expression of LXR target genes induced by GW3965 (Figure [2](#F2){ref-type="fig"}A). Similar effects were observed in HepG2 cells (Figure [2](#F2){ref-type="fig"}B). These data indicate that although rhein has a lower binding affinity compared with GW3965 (Figure [1](#F1){ref-type="fig"}, once bound, rhein induces a strong effect.

To identify whether rhein can affect the differentiation or apoptosis of adipocytes, 3T3-L1 cells were induced to differentiate by insulin, dexamethasone and 3-isobutyl-1-methylxanthine (IBMX), and were then treated with DMSO or rhein. We found that rhein did not significantly affect 3T3-L1 cell differentiation [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S2A and S2B) or apoptosis ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S2B).

Rhein reprograms the expression of LXR target genes in WAT, muscle and liver
----------------------------------------------------------------------------

To further explore the molecular mechanisms by which rhein protects against obesity and improves lipid and glucose metabolism ([@B35], we performed quantitative real-time PCR to analyze the expression levels of genes in WAT, muscle and liver, which are highly metabolic tissues. Mice fed a high-fat diet and treated with or without rhein were used in this analysis. In WAT, we found that the expression levels of LXR target genes related to adipogenesis (SREBP1c and FAS) were significantly decreased, while the expression levels of SCD1 and ACC1 were non-significantly decreased. Rhein did not significantly affect the expression of GLUT4 or insulin receptor substrate 1 (IRS1). Rhein also decreased the expression of LXR target genes related to cholesterol metabolism (ABCA1 and ABCG1), although not significantly. In terms of genes related to fatty acid utilization, rhein did not change the expression of lipoprotein lipase (LPL) or β3-adrenergic receptor (β3-AR) (Figure [3](#F3){ref-type="fig"}A). In skeletal muscle, rhein significantly decreased the expression of ACC1, and moderately decreased the expression of SREBP1c, FAS and SCD1, but hardly affected the expression of GLUT4 and IRS1. However, rhein increased the expression of peroxisome proliferator-activated receptor co-activator (PGC1α) and carnitine palmitoyltransferase-1α (CPT1α), genes associated with fatty acid β-oxidation, although the changes were not statistically significant (Figure [3](#F3){ref-type="fig"}B). In the liver, rhein significantly reduced the expression levels of SREBP1c, FAS, SCD1 and ACC2, but not GLUT2 or IRS2. Rhein moderately decreased the expression of the cholesterol clearance genes ABCA1, ABCG1 and CYP7A1, and significantly reduced the expression of the de novo cholesterol synthesis gene HMG CoA reductase (HMG-CoAR) (Figure [3](#F3){ref-type="fig"}C). In terms of markers of apoptosis, rhein significantly reduced the mRNA expression of caspase 3 in WAT, but not caspase 8 or caspase 9. Furthermore, rhein did not significantly affect the expression of caspase 3, 8 or 9 in muscle or liver [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S3). Taken together, these results indicate that rhein reprograms LXR target genes in WAT, muscle and liver.

Rhein activates the gene expression of UCP1 in BAT through LXR antagonism
-------------------------------------------------------------------------

Adaptive thermogenesis in small mammals mostly takes place in BAT through the specific activity of UCP1 ([@B7];[@B8]. Recently, Sheila Collins and her group reported that LXRα is a transcriptional repressor of UCP1 [@B21]. Therefore, we investigated whether rhein enhances the expression of UCP1 to increase adaptive thermogenesis to counteract obesity. Interscapular BAT was obtained from wild-type (WT) mice fed with a high-fat diet or a high-fat diet together with rhein (by gavage), and was then subjected to quantitative RT-PCR. This analysis showed that rhein increased UCP1 mRNA levels by almost 3-fold, but did not affect the expression of β3-AR (Figure [4](#F4){ref-type="fig"}A). To confirm the role of rhein in antagonism of LXR mediated repression of UCP1 expression, we analyzed UCP1 gene expression in BAT of LXR knockout (KO) mice and found that rhein did not increase UCP1 expression in these mice (Figure [4](#F4){ref-type="fig"}B).

To further confirm that rhein could antagonize the repressive effect of LXR and thus increase UCP1 expression, we used HIB-1B immortalized brown adipocytes as a cell model. Real-time PCR showed that 25 μM rhein increased the basal expression of UCP1. Notably, 1 μM GW3965 decreased the level of UCP1 to 60% of the basal level, and this was reversed by rhein. This phenomenon was more pronounced when rhein was administered in combination with the adenylyl cyclase activator forskolin (FSK) (Figure [4](#F4){ref-type="fig"}C). Moreover, the electrophoretic mobility shift assay (EMSA) showed that rhein reduced GW3965-induced binding of LXRα to the UCP1 promoter region (Figure [4](#F4){ref-type="fig"}D), thus relieving transcriptional repression of LXR on UCP1, and allowing an increase in UCP1 expression.

Electron microscopic morphometric analysis showed that rhein markedly increased the number of mitochondria and decreased the size of lipid droplets in BAT (Figure [4](#F4){ref-type="fig"}E). These findings were confirmed by quantifying the number of mitochondria per unit nuclear DNA (Figure [4](#F4){ref-type="fig"}F). This phenomenon was consistent with the increased energy expenditure and the increased tolerance to cold following treatment with rhein [@B35]. These data suggest that rhein activates UCP1 expression by counteracting LXR-mediated repression, and thus increases energy expenditure in BAT.

Discussion
==========

Rhein is a small lipophilic molecule that is readily distributed following administration. Our previous study showed that rhein ameliorated fatty liver disease by promoting a negative energy balance, regulating hepatic lipogenesis, and exerting immunomodulatory effects in diet-induced obese (DIO) mice [@B35]. In the present study, we found that rhein is a mild but efficient and specific antagonist for LXRs based on four lines of evidence. First, the SPR assay for the interaction between rhein and LXR showed that rhein bound directly to both LXRα and LXRβ. Second, rhein decreased the expression of LXR target genes stimulated by LXR agonist GW3965 in 3T3-L1 adipocytes and HepG2 cells *in vitro*. Third, rhein decreased the expression of LXR target genes in WAT, muscle and liver in DIO mice. Fourth, rhein antagonized the repressive effects of LXRα on UCP1 expression and significantly increased UCP1 gene expression in BAT in DIO WT mice. However, rhein could not protect against high-fat diet-induced obesity in LXR KO mice.

Oral administration of rhein prevented fat accumulation in high-fat DIO mice [@B35]. LXRs have been characterized as sterol sensors. Once activated, the body removes excess free cholesterol, increases the synthesis of fatty acids and triglyceride (TG), storing them in the liver and adipose tissue, and suppresses thermogenesis to favor the storage of lipid-rich energy. Once antagonized, the body tends to decrease the synthesis of fatty acids and TG, preventing their storage in liver and adipose tissue, and activates thermogenesis to favor energy expenditure to counteract obesity. Notably, these protective effects of rhein against obesity were not mediated by leptin signaling because rhein also decreased the body weight of *db/db* mice, which lack the leptin receptor [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S4).

Obesity is a well-recognized risk factor for insulin resistance and type 2 diabetes. Although the expression of glucose metabolism-related genes such as GLUT and IRS was not affected, rhein significantly improved glucose tolerance in DIO mice, which was confirmed in *db/db* type 2 diabetes mice ([@B35]. Rhein decreased the expression of fatty acid synthesis genes in the liver, WAT and muscle, and had a systemic effect by increasing insulin sensitivity in these tissues. In particular, the increased expression of fatty acid oxidation-related genes such as CPT1α and PGC1α, combined with the absence of fatty acid synthesis in skeletal muscle, greatly reduced lipid accumulation. This could explain the improved glucose tolerance in rhein-treated mice because intramyocellular lipid accumulation is directly associated with insulin resistance [@B39];[@B40].

We know that activation of LXRs can enhance cholesterol clearance in the liver and reverse cholesterol transport in the intestine by upregulating CYP7A1, ABCA1 and ABCG1 expression. Therefore, an LXR agonist could protect against atherosclerosis [@B41]. The LXR antagonist rhein was reported to decrease serum total cholesterol (TC), high-density lipoprotein (HDL) and low-density lipoprotein (LDL) levels [@B35]. Here, we showed that rhein decreased the expression levels of ABCA1 and ABCG1 *in vitro* and *in vivo*. Although rhein reduced the expression of cholesterol clearance genes, the hepatic expression of HMG-CoA R, which is associated with *de novo* cholesterol synthesis, was significantly downregulated. This decrease might be responsible for the decrease in TC levels. This complicated phenomenon might be explained by the pleiotropic effects of rhein acting through targets other than LXRs. Although the LDL/HDL ratio was decreased by rhein [@B35], further studies are needed to investigate whether rhein has atherosclerotic activity.

We already know that thyroid hormone receptor (TR) and β3-AR agonists can increase thermogenesis [@B42];[@B43]. However, rhein did not bind to the TRs in the SPR assay or activate the transcriptional activity of TRs in the luciferase reporter assay (Figure [1](#F1){ref-type="fig"}G and [1](#F1){ref-type="fig"}H, [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S5). Although β3-AR expression was elevated in BAT, we believe that the increase in thermogenesis and increased energy expenditure was not due to transactivation of β3-AR by rhein for two reasons. First, rhein did not affect β3-AR expression in WAT, a major target of β3-AR agonists. Second, chronic administration of a highly selective β3-AR agonist, CL316,243, did not prevent high-fat diet-induced obesity or elevate the mRNA levels of β1-AR and β3-AR in BAT in C57BL/6J mice, as described by Collins et al. [@B44]. Rhein might regulate UCP1 gene expression either directly or indirectly. Wang et al. reported that LXRα repressed the transcription of UCP1 and inhibited its expression [@B21]. Our EMSA and real-time RT-PCR data showed that, as an antagonist of LXRs, rhein inhibited the binding of LXRα to the UCP1 promoter region and increased UCP1 expression. Accordingly, future studies should examine whether rhein directly increases UCP1 gene expression. Recently, Stulnig et al. reported a 2-fold decrease in UCP1 gene expression in BAT in WT mice, but no change in LXR KO mice treated with T0901317, an LXR agonist [@B45]. Korach-Andre et al. showed that UCP1 mRNA and protein levels were highly induced in LXRα and LXRβ KO mice and repressed by GW3965 in BAT [@B46]. Consistent with the above observations, our study found that rhein increased the expression of UCP1 by 3-4-fold in BAT in WT but not in LXR KO mice.

Paradoxically, antagonism of LXR may protect against high-fat diet-induced obesity but no such benefits are observed in LXR KO mice. Challenge with a high-fat diet increases ectopic UCP1 expression in muscle and WAT in LXR KO mice, and also causes aberrant production of thyroid hormone in the liver, thus increasing energy expenditure. However, fatty acid synthesis in muscle (3-fold) and WAT (4-fold) had increased to compensate for the weight gain caused by the high-fat diet [@B47]. Thus, the phenotype of mice treated with an LXR antagonist does not fully mimic the phenotype of mice with knockout of both LXRα and LXRβ, This suggests that the effects of acute and partial inhibition of LXRs differ from those of lifelong absence of LXRs and that there may be some compensatory mechanisms in this phenotype.

In conclusion, rhein is a natural compound that may have pleiotropic effects and multiple targets. Our study demonstrated the effects of rhein on obesity and related metabolic disorders through LXR antagonism and the unique effects of rhein on UCP1 expression in BAT.

Materials and Methods
=====================

Reagents and plasmids
---------------------

Insulin, dexamethasone, IBMX, T3, rhein, chenodeoxycholic acid, 9-cis-retinoic acid, PCN, GW3965, GW0742, WY14643 and rosiglitazone were obtained from Sigma-Aldrich (St. Louis, MO). The pcDNA3 plasmids for the LBD of LXRα/β, the GAL4-luc plasmids, the pcDNA3 plasmids for LXRα/β, the pTK-2×LXRE-ABCA1-luc plasmids and the expression plasmids for RXR were kind gifts from Dr. Saez (The Scripps Research Institute, La Jolla, CA). The plasmids pET11b-hLXRα-LBD and pRSETA-hLXRβ-LBD were kindly provided by Dr. Mangelsdorf (Southwestern Medical Center, Dallas, TX) and the pCMX plasmids for the LBDs of farnesoid X-activated receptor (FXR), pregnane x receptor (PXR) and RXR were kindly provided by Dr. Moore (Baylor College of Medicine, Houston TX). The plasmids TRE-pal-luc, pcDNA3.1-TRα1 and pcDNA3.1-TRβ1 were kindly provided by Dr. Hao Ying (Institute for Nutritional Sciences, Shanghai, China).

SPR assay
---------

The binding affinity of rhein towards LXRα-LBD, LXRβ-LBD, TRα and TRβ was assayed using an SPR-based Biacore 3000 instrument (GE Healthcare, Uppsala, Sweden). The equilibrium dissociation constant (K~D~) was determined by analysis of the sensorgram curves obtained at six different concentrations using BIA evaluation software version 3.1 (Biacore) with a 1:1 Langmuir binding fitting model.

Animals
-------

Female C57BL/6J mice (8-12 weeks old) were obtained from the SLAC Laboratory (Shanghai, China). Female *db/db* (C57BL BKS cg-M^+/+^ lepr^-/-^) mice aged 8-10 weeks were from the Jackson Laboratory (Bar Harbor, ME). Female LXRα/β knockout (LXR^-/-^; C57BL/6J background) and WT mice were gifts from Dr. Mangelsdorf (Southwestern Medical Center). The mice were given a high-fat diet (60% of calories derived from fat; D12492) or a control diet (10% of calories derived from fat; D12450B) (Research Diets, New Brunswick, NJ). All mice were maintained in a temperature-controlled facility (23°C) with a 12-h light/dark cycle and were given free access to food and water. Body weight and food intake were measured every 2 days and the treatments lasted for 4 weeks. Rhein (150 mg/kg) in water or water alone in the control group were administered by gavage every day at 2:00 pm. All animal protocols were approved by the Shanghai Institutes for Biological Sciences of the Chinese Academy of Sciences.

In vivo analysis
----------------

Body composition was measured by nuclear magnetic resonance imaging (Bruker Minispec mq 7.5, Karlsruhe, Germany). Oxygen consumption and physical activity were determined using CLAMS (Columbus Instruments, Columbus, OH) according to the manufacturer\'s instructions. Rectal temperature of the mice was measured using a microprobe thermometer (Physitemp Instruments, Clifton, NJ) after placing the mice at 4°C for 4 hours.

Histologic examinations and mtDNA quantification
------------------------------------------------

Frozen WAT samples were embedded in OCT, sliced and stained with hematoxylin-eosin (H&E). BAT sections were embedded and imaged using a Philips Tecbai-12 Biotwin Transmission Electron Microscopy (FEI Company, Eindhoven, The Netherlands). Total DNA was isolated from BAT using standard protocols. To quantify the amount of mtDNA present per nuclear genome, we used the following forward and reverse primers: mtDNA, 5\'-CCTATCACCCTTGCCATCAT-3\' and 5\'-GAGGCTGTTGCTTGTGTGAC-3\'; nuclear DNA, 5\'-ATGGAAAGCCTGCCATCATG-3\' and 5\'-TCCTTGTTGTTCAGCATCAC-3\'. To quantify the relative copy number differences, we determined the difference in threshold amplification between mtDNA and nuclear DNA using the ΔΔC(t) method.

Cell culture, transient transfection and luciferase reporter assays
-------------------------------------------------------------------

HepG2, 3T3-L1 and 293T cell lines obtained from the ATCC (Manassas, VA) were grown in Dulbecco\'s modified Eagle\'s medium containing 10% fetal bovine serum (FBS) at 37°C with 5% CO~2~. To induce differentiation, 2 days after confluence (designated day 0), 3T3-L1 cells were cultured in differentiation medium (DM) containing 10% FBS plus 10 μg/ml insulin, 0.5 μM dexamethasone and 0.5 mM IBMX for 2 days, and then switched to post-DM containing 10% FBS and 10 μg/ml insulin. The medium was replaced every 2 days until day 7. Transfection of 293T cells was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) with the indicated plasmids or control vectors. Luciferase reporter assays were carried out using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI) and transfection efficiency was normalized by Renilla luciferase activity. Fully differentiated HIB-1B brown preadipocytes were treated for 6 h with DMSO, FSK (10 μM), GW3965 (1 μM), rhein (25 μM), GW3965 plus rhein, FSK plus GW3965 and FSK plus GW3965 plus rhein for gene analysis and EMSA.

Gene analysis
-------------

Total RNA was extracted from cells or frozen tissues and then reverse transcribed into first-strand cDNA (Qiagen, Hilden, Germany). Gene expression levels were analyzed by quantitative RT-PCR using the ABI 7500 system (Applied Biosystems, Foster City, CA). The mRNA levels were normalized using β-actin as an internal control.

EMSA
----

Nuclear extracts were prepared using the NE-PER Nuclear and Cytoplasmic Extraction Kit (Pierce Biotechnology, Rockford, IL). Double-stranded gel shift probes were end-labeled with biotin. The binding reactions were analyzed using the LightShift Chemiluminescent EMSA Kit (Pierce Biotechnology). The oligonucleotide probe sequence was DR-4 5\'-TCTACAGCGTCACAGAGGGTCAGTCAC-3\'.

Statistical analyses
--------------------

Values are expressed as means ± SEM for experiments in mice. The two-tailed Student\'s t test was used to compare two groups, and one-way analysis of variance followed by the Student-Newman-Keuls test was used to compare three or more groups.
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![**Rhein binds directly to liver X receptors (LXRs). (A)**to **(F)** Specific binding affinities to the ligand-binding domains (LBDs) of LXRs were analyzed by surface plasmon resonance (SPR) assays. The photographs were obtained after injection of a series of concentrations of GW3965, puerarin or rhein in phosphate-buffered saline (PBS) containing 0.2% dimethyl sulfoxide (DMSO) over the immobilized LXRα-LBD surface **(A to C)** or the LXRβ-LBD surface **(D to F)** on a CM5 sensor chip. The K~D~ values of rhein for LXRα and LXRβ were 46.7 μM and 31.97 μM, respectively.**(G)**and **(H)** Specific binding affinities against thyroid hormone receptors (TRs) were analyzed by SPR assays. The photographs were obtained after injection of a series of concentrations of rhein and T3 in PBS containing 0.2% DMSO over the immobilized TRα surface **(G)** or TRβ surface **(H)** on a CM5 sensor chip. For the SPR assay, ligand binding was measured at a flow rate of 30 μL/min for 2 min, and dissociation was initiated upon replacement of the analyte with running buffer. The response units (RU) were corrected for non-specific binding to a blank flow channel (relative response). RH, rhein.](ijbsv08p1375g01){#F1}

![**Rhein decreases liver X receptor (LXR) target gene expression *in vitro*.**Rhein decreased the expression of LXR target genes in 3T3-L1 adipocytes **(A)**and HepG2 cells **(B).** White bars, 3T3-L1 adipocytes or HepG2 cells treated with dimethyl sulfoxide (DMSO); black bars, 3T3-L1 adipocytes or HepG2 cells were treated with 1 μM GW3965 (GW); striped bars, 3T3-L1 adipocytes or HepG2 cells were treated with 1 μM GW3965 and 25 μM rhein (RH). mRNA expression levels were estimated by quantitative real-time PCR. The results are shown as mRNA levels relative to that treated with DMSO. Values are means ± standard deviation of three independent experiments.](ijbsv08p1375g02){#F2}

![**Rhein decreases the expression levels of liver X receptor (LXR) target genes in white adipose tissue (WAT), muscle and liver in diet-induced obese mice.** After administration of rhein for 4 weeks, total RNA was isolated from WAT, muscle and liver, and was subjected to quantitative real-time RT-PCR. Rhein decreased the expression of LXR target genes in WAT (A), muscle (B) and liver (C). The mRNA expression levels are shown as values in rhein-treated groups (striped bars, HF + RH) relative to the control (water) groups (black bars, HF). Values are means ± standard error of the mean for five mice per group. \**P* \< 0.05, \*\**P* \< 0.01.](ijbsv08p1375g03){#F3}

![**Rhein activates uncoupling protein 1 (UCP1) gene expression in brown adipose tissue (BAT) through LXR antagonism. (A)** Rhein increased the expression of UCP1 in BAT of high-fat diet-induced obese (DIO) wild-type mice. The mRNA expression levels are shown as values in rhein-treated groups (striped bars, HF + RH) relative to the control (water) groups (black bars, HF). Values are means ± standard error of the mean (SEM) for five mice per group. \*\**P* \< 0.01.**(B)**Rhein did not affect UCP1 expression in BAT of high-fat DIO LXR knockout (KO) mice. mRNA expression levels are shown as values in rhein-treated groups (striped bars, HF + RH) relative to the control (water) groups (black bars, HF). Values are means ± SEM for five mice per group. **(C)** mRNA expression levels of UCP1 in differentiated HIB-1B cells. HIB-1B cells were treated with forskolin (FSK, 10 μM), GW3965 (1 μM) or rhein (25 μM) for 6 h and mRNA expression was determined by quantitative real-time PCR. Values are means ± standard deviation of three independent experiments. **(D)** Differentiated HIB-1B cells were treated with the indicated compounds for 6 h and the nuclear extract (NE) was collected for electrophoretic mobility shift assays. Lane 1: probe only; lane 2: probe plus NE \[dimethyl sulfoxide (DMSO)\]; lane 3: probe plus NE (DMSO) plus 100 × competing probe; lane 4: probe plus NE (1 μM GW3965); lane 5: probe plus NE (1 μM GW3965 plus 25 µM rhein); lane 6: probe plus NE (1 μM GW3965 plus 10 µM FSK); lane 7: probe plus NE (1 µM GW3965 plus 25 µM rhein plus 10 µM FSK). **(E)** Transmission electron microscopy images of BAT (magnification, 2550×) from high-fat DIO mice treated with water (HF) or rhein (HF + RH). Arrows indicate the mitochondria (M) and lipid droplets (L). **(F)** Number of mitochondria per unit of nuclear DNA in BAT of high-fat DIO mice treated with rhein (striped bars) or water (black bars). Values are means ± SEM for five mice per group. \**P* \< 0.05.](ijbsv08p1375g04){#F4}
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